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Abstract

In the present work, the structure and spectra of PuH and PuH; are defined by B3LYP/SDD method, from which the

analytic potential energy function of PuH; is derived. The analysis of quasi-classical molecular reaction dynamics is performed to study the
state-state process of Pu(’F,) + Hy(X'S) ). It is found that the reaction Pu('F,) + Hy(X'S.)—PuH,(X"B;) has no threshold. The si-

multaneous hydrogenation process of plutonium with the main product of PuHj; is theoretically proved for the first time.

Keywords: hydrogenation reaction of plutonium, meolecular dynamics, density functional theory.

The electronic configuration for plutonium atom
is KLMN 5s25p°5d!°6526p°5£%7s%, with six 5f elec-
trons at the transitional border from delocalization to
localization. Therefore, the atomic volume of «-Pu is
anomalously larger than that of a-Np, which has been
a continuous challenge for theoretical explanationm.
The 5f electrons are assumed to be of itinerant na-
ture, which causes a smaller binding energym than
that of 5d. In addition, the hybridized orbital con-
tributed by 5f electrons is much higher, for example,
the contributions!®) are 1.932 and 2.578 for the lin-
ear orbital sp and sf, and 2.923 and 3.570 for d’sp’
and d%sf?, respectively. Because of the very small
first ionization potential of Pu, i.e. 6.063eV*), the
charge contribution of double positive cation PuO? " is
Pu® and O" rather than Pu®*" and O, and the cases
for PuH?* and PuN?* are similarl®’.

Plutonium hydrides (PuH and PuH,) have pecu-
liar dynamical properties due to their special atomic
structures. Plutonium reacts with hydrogen at an as-
tonishing rate that never occurs in other metals!®’’.
For example, the activity energy[s] of hydrogenation
of ethylene under nickel, palladium and platinum cat-
alysts is about 2. 63 kJ/mol, but the activation energy
for the processes of hydrogenation of plutonium is
nearly zero. Moreover, the reaction of hydrides-coat-
ed plutonium with air at room temperature is 10’—
10% times faster than that of normal air oxidation of
pure plutonium!”). It is obvious that there is an in-
trinsic connection between the structure of plutonium

and its compounds.

In order to study the dynamical properties of
plutonium hydrides, we have to calculate the molecu-
lar structure of plutonium hydrides first, and then we
can obtain their analytic potential energy functions.
Density functional theory (DFT) has been used to
calculate the molecular structures of Pu,, Puz and
Pu4[9‘ 101 in which the various energy terms are ex-
pressed by the physical observable electron density
based on the Hohenberg and Kohn theorems!!!.

The full electron calculation of actinides is time-
consuming. The atomic property depends mainly on
the valence electrons, so it is possible to use the theo-
ry of effective core potential (ECP) or relativistic ef-
fective core potential (RECP), in which the atomic
core and valence orbital are corrected by Cowan-Grif-
fin Hartree-Fock equation, and the terms of “mass-
velocity”, “Darwin” and spin-orbital coupling!'?} are
also considered. These methods have been successful-
ly used to calculate the molecular structure, such as

UO, and PuO, etc.

1 Molecular potential energy function
1.1 Density functional theory (DFT)

In DFT, electronic energy E is divided into sev-

eral components,
E=E"+EY+E'+ EX, (1)
where E7 is the electronic kinetic energy, EV the po-
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tential energy including the electron-nucleus attrac-
tion and nucleus-nucleus repulsion, E’ the electron-
electron repulsion, and E*¢ the exchange-correlation.
Except for nucleus-nucleus repulsion, each term can
be expressed as the function of electron density p

B = 5 [ ot @r) plrdridr,  (2)

EX¢(p) = Jf(pa(r),pﬂ(r),Vpa(r),Vpﬁ(r))d3r,

(3)

EX(p) = EX(p) + E%p), (4)

where all the three terms are the functions of electron

density. Ex(p) and E€(p) are the exchange and

correlation functional, respectively. The former is a

local functional and only related with the electron

density, and the latter is a gradient-corrected func-

tional related with the electron density and its gradi-

ent V p. In 1988, Becke!™®! derived the local ex-
change functional as follows:

. 4/3 2
EX = EX - J‘ £ L 3 * 5
Becke88 tpa = 7 (1+ 6ysinh“11)d r (5)
A 3( 3|3
BX - 5( E{) Jp4/3d3r, (6)

where p is a function of r, z=p ¥*|Vpl, 7 isa
parameter fitted with the exchange energy of noble
atoms (y = 0. 0042 a.u.). Similarly, in 1992,

{14]

Perdew and Wang' " suggested a corrected function-

al:

EC = jpec(rs<p<r>>, O)dr, (7)
where

rs:[3 }1/3’ (- Lo ts

1 4/3 _ 4/3 _
rigy = MRS 0= 2]

Here 7 is the density parameter and § the corre-
lated spin polarization. DFT is a joint calculation with
the exchange and correlation functional. The B3LYP
method used in the present work is to combine
Becke’s exchange functional and the correlated func-
tional of Lee, Yang and Parr, both being gradient-
corrected. The local correlation functional is from

Vosko, Wilk and Nusair (VWN). Then the so-called

Becke’s three parameter functional **! is

X X X X X
Egive =Eipa + colEfp — Efpa) + cxOE g

+ ESWN3 + CC(EEYP - E\C/WNB)' (8)
Using the G1 method, Becke has obtained: ¢q =
0.20, ¢x =0.72 and c-=0. 81 by optimizing ex-
change and correlation energy. Eq. (8) will be used
for the presented DFT-SCF calculations.

1.2  Structures of PuH and PuH,

The electronic configuration of plutonium atom is
(Rn) 5f%7s?, and its 60 of core electrons
(15%2s?2p%353p®3d1° 4524p°4d'® 411*) can be repre-
sented by relativistic effective core potential
(RECP)!') and the 34 of valence electrons
(5s25p°5d!° 6s?6p°®51%7s?) are used for the calcula-
tions. The calculated results are quite reasonable

based on the RECP/SDD and DFT theories.

From the ground states 7Fg of plutonium and 2Sg

dnp Lot g’ of hydrogen H, it is possible to form the 4, 6 and 8-
(o) ltiplicity of PuH. All of the possible multiplicities
eC(rs?C) :ec(P,0)+ac(rs) f’(O)(l‘ §4) multiphcity ut p ph :
have been optimized by B3LYP/SDD, and their
+ [(eclp, 1) —eclp, O 1F(E) LY, ground state PuH(X%3) is listed in Table 1.
Table 1. Potential energy parameters and spectroscopic data of PuH(X?3)
D.(eV) R.(nm) a;{(nm™?) az(nm™2) az(nm™?)
1.8029 0.21105 26.0351 173.8361 479.0386
£2(0.1f)*nm™?) f3(fJ*nm™?) £4(10 J-nm™*) we(cm) wy{cm) B.(cm) a.(cm)
0.9537 -3.1815 7.6174 1274.90 22.345 3.8021 9.1592%x 1072

Using the B3LYP/SDD method, the full poten-
tial curve of the ground state PuH (X%3) is calculat-
ed, and based on the normal equations, the calculated
results are fitted to the Murrell-Sorbie function form

V=-D(+ap+ azp2 + aszpP)exp(~ aqp),
(9)
where p=r — r.; r, r.are the inter-nuclei distance
and its equilibrium value, respectively; D., a1, as,
a4 are the fitted coefficients ( Table 1).

Fig. 1 shows the calculated and fitted molecular
potential energies of PuH(X®). The two curves a-
gree well with each other. Based on the Murrell—
Sorbie potential energy function, the force and spec-

troscopic constants for PuH(X®3) were calculated!”]

(see Table 1).

For the possible 5, 7 and 9 multiplicities of PuHj,,
its ground state by optimization is Pqu()N(7B1 ). In order
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Fig. 1. Molecular potential energy curve of PuH(X®3).

to calculate the potential energy function and spectroscopic
constants, we have to determine the dissociation energy
D, of PuH, (X7B;) based on the dissociation limit PuH,
(X'B,) —>Pu(’F,) + 2H(?S,). The dissociation energy
D.= E(Pu) + 2E(H) — E(PuH,) = 4.469881217 eV,
where the optimized E(Pu), E(H) and E (Pul,) are
—553.9044258, —0.502257 and — 555.0732012 a.
u., respectively. Table 2 lists all the parameters.

Table 2. Structural and spectroscopic parameters for PuH,(X'B;)
Present work Ref. [18]
Structure Rpy=0.20372 nm, Rpyy=0.20368 nm,

ZHPuH=104.9236° /HPuH=105.139°

v1=1304.7718 cm !,
v2=512.5435cm ™!,
v3=1451.4252 cm ™!

Harmonic frequency

Dissociation energy 4.46988 eV 4.4736eV
Force constants fu(HPu) =0.0725225,
(aJnm™?) F22( PuH) = 0. 0724700,

fir2= ~7.80447 %1073,

Fua= —8.83482x 1074,

F23= —8.98740 x 107 %,

fi(~£ HPuH)=0.0739787

1.3 Many-body expansion theory[”’ ) and poten-

tial energy function of PuH,

The potential energy function for PuH, can be
written as

V(R;, R, R3) = VIZ(R,)) + VIA(R,)
+ Vim(R3)
+ V2 u(Ry, Ry Ry), (10)

where Ry = R, = Rpyys, K3 = Ryn. The two-body
term in Eq. (10) is Murrell-Sorbie function (9). The
data of V;,ZU:{(RZ) is shown in Table 1, and the po-

tential energy function of HZ(XIE; is quoted from

Ref. [17] and shown in Table 3.

17]

Table 3. Two-body term parameters of HZ(X'E; )t
D (eV)
Hy(X's)) 4.747

R{nm) A{nm ') a2(nm™?) a3(nm %)

0.07414 39.61 406.4 3574.0

Considering the symmetry, the suitable refer-
ence coordinates should be selected to express a given
potential energy function. Here, take the C,, config-

uration as a reference coordinate of PuH,, i.e. R: =
R,= Ry, = 0.203722 nm and R, = 0. 323082 nm.
Then the inner coordinates are

=R -R, (i=123).
Correspondingly, their symmetrical inner coordinates
are expressed as a matrix equation

s;] [1 O 0 7o
Spf= 0 1/V2 12 |||, A
Ss /72 — /32,

and V;‘Z;_IZ(RI, R,, R3) in Eq. (10) is a three-body
term expressed as

Viea(Ri, Ry Ry) = P - T, (12)
where P is a polynomial expressed as the symmetrical
inner coordinate S;, and T the range function. The
functional form is as follows:

P =Cy+ C;S; + (38, + (385 + C,S;
+ CsS1S, + CeSh + 457

+ CsS,(S2 + 82) + CoS,8%, (13)
and
T =[1- tanh(7,5,/2)1[1 — tanh(¥,S5,/2) ]
+ [1 — tanh(y5S;5/2)]. (14)

In Egs. (13) and (14), there are 10 linear coeffi-
cients Cy, Cy1, C,, C3, Cy4, Cs, Cq, Cq, Cg, and
Cy, and 3 non-linear coefficients ¥, ¥, and y3. The
linear coefficients are determined from the known
conditions (Table 2) and the non-linear coefficients
can be defined by optimal calculations. Table 4 lists
all the coefficients, and Figs. 2 and 3 show the po-
tential energy contour.

Table 4. All the linear and non-linear coefficients for PuH,(X’B; )
Co Cy Cy C3 Cy Cs Cs Cq Cy Cq
~4.384847 2.855640 —9.148243 —3.9882961 —3.748360' 2.471955 1.176774 —4.326033 1.0511264

—1.515451419

101! x 10! %101 x107!

1071

y=1.2, y2=3.5, v3a=1.2

x107! %1071 x107! x1072
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Fig. 2. Bond stretching contours for PuH,.
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Fig. 3. Contours for the movement of Pu around H-H. Ryy=

0.32308 nm, origin{X, Y)=(0,0).

Using the B3LYP/SDD method, the derived analyt-
ic potential energy function of Publ, is expressed by Egs.
(11)—(14) and displayed as the contour maps in Figs. 2
and 3. The equilibrium geometry ( Rp,z=0.203722 nm)
and the depth of potential trap (4.46988 eV) are fairly
demonstrated in Fig. 2, and no saddle points are shown on
two equivalent reactive channels Pu+ Hy,—~PuH,. There-
fore, it is a reaction without threshold energy. Fig. 3
shows the energy contours of the potential for a Pu atom
moving around an H-H group whose bond length is Ryy
=0.32308 nm fixed at the X coordinate. It also fairly il-
lustrates the structural characteristic of PuM, (X'B,),
which provides the fundamental data for the dynamics of
PuH, system. Next, we will study the molecular dynam-

ics for the reactive process Pu(7Fg) +H (X! 2; ).

2 Molecular reaction dynamics!?®?!)
2.1 Motion equation for triatomics

In the center of mass coordinate system for the
triatomic system, we can set up a set of 12 equations

under the analytic potential energy function of PuH,
expressed as internal coordinates (R{, R,, R3),

: 1 .
Q =—"P, (=123),
HpC
: 1 .
Q, =—"P, (j=4,5,6),
Ha,BC
S _ 1 me me ‘
- P, = R,y mgt+ m¢ mp+ mCQ’ Qs
_ OV(Rypp, Ryc, Rea) N QL
OR sp Rag
. aV(RAB, Rgc, RCA) 4 L
OR g Rea
m m
d c C B ]
mg + mc mpg+ mCQJ Q3
AV (R aps Rucs Rea) .
‘ bl = 1’2,3 bl
AR ca G )
- _1— . mc )
-k = Rugp mp + mCQj * Q’+3)
OV (R s Racs Rea)
OR an
A __Mc 4
— RCA ( mpy T mCQJ QJ+3]
OV (R g, Rucs Rea) .
. s = 4,5,6).
SRon (j )
(15)

Eq. (15) is a set of equations of the motion for
triatomics ABC under the analytic potential energy
hyper-surface V(R ag, Rpcs Rca), and its numerical
solution can give the trajectory of motion, from which
the reactive cross section and threshold energy, etc.,
can be calculated.

For the given initial conditions, the set of equa-
tions (15) have been numerically solved using the
combined Runge-Kutta-Gill ( RKG) method and
Adms-Moulton ( AM ) method with the program
written by our research group.

For the reactions A+ BC—AB+ C and A+ BC—
ABC, based on about 20000 trajectories, the reaction
probability P and reactive cross section o, are ex-

pressed as
N.(E,V,],b)

P(Et’ V;J’ b) = l\lll—?;lo N(Et, V,],b)’ (16)
[4
ar(Et,V,])=2rcj P(E,V,J],b)bdb
0
NAE,V,
= nb>,. lim M, (17)

max NLo N(E, V,J)
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where b, is a maximum impact parameter defined as
the possible maximum collision distance allowed for
the activated reaction; N and N, are the total and re-
active trajectories, respectively; E, is the relative col-
lision kinetic energy; V and J are the vibration and
rotational quantum number, respectively.

The distributions of the given vibration V and
rotational energy J levels for products AB, BC and
AC of the reactions A+ BC—AB+C, A+ BC>A+
BC and A+ BC—AC + B are given by the trajectory
numbers, i.e. the distribution of the particle number
of products.

For a given kinetic energy E,, there is a maxi-
mum impact parameter b, and its value is chosen
as a boundary value at which the elastic collision is
just transited to inelastic collision for a given reaction.
The reactive trajectory N, will be counted for a given

reaction from the total N trajectories.

2.2  Quasiclassical molecular reaction dynamics for
PuH, system

The present work calculates all the processes of
reaction Pu("F,) + Hz(XlEg ) using the quasiclassical
Monte-Carlo trajectory method, and tries to evaluate
the possible mechanism for plutonium corrosion.

The initial kinetic energies E. of Pu atom are
taken as 4.184, 41.84, 83.68, 209.2, 251.04,
292.88, 418.4, 627.6, 836.8, 1046.0 and
1255.2 kJ/mol, respectively; the other initial param-
eters, such as Ryy, p (the distance between H, and
Pu) and the orientation angles(d, ¢, n) are randomly
chosen by Monte-Carlo method. The impact parame-
ter b is uniformly distributed between 0 and b, .
The initial vibration quantum number of ground state

+ . - .
Hz(Xl,Sg ) is zero, and the initial distance between

the mass center and Pu atom is taken as p = 2 nm.
We use General Trajectory Program to calculate the

dynamics of reaction Pu + Hz(XlE;), and find 5

22} for the collision system Pu(7Fg) +

channels!

H(X'S)):
Pu(’F,) + Hy(X'S))

PuH(X®S) + H(®S,)  Channel 1,

Pu(7Fg) + Hz(XIE; ) Channel 2,

—PuH(X®S) + H(®S,)  Channel 3,

PuH, (X’B,) Channel 4,

Pu(’F,) +2H(’S,)  Channel 5.
(18)

Based on the analytic potential energy function of
PuH,, the set of 12 equations for (15) can be set up,
so, all the collision trajectories for system Pu +
HZ(X‘E;) have been calculated and analyzed. The
distributed products for each channel with the initial
kinetic energy E, are listed in Table 5.

Table 5. The distribution of products for Pu+ HZ(XIE; )

) Channel
E(kI"mol™!)  bguxinm) 5 B ;) S
4.18 0.68 9725 9778
41.84 0.54 16505 3279
83.68 0.50 19525 440
209.20 0.44 19991 9
251.04 0.11 2 19992 1 4
292.88 0.16 949 18090 961
418.40 0.24 735 18304 961
627.60 0.25 262 18440 372 926
836.80 0.24 100 18120 60 1720
1046.00 0.23 40 17969 27 1964
1255.20 0.22 13 17826 7 2154

For given v, j and b, the reaction probability P
and reactive cross section o, are calculated by Eqgs.
(16) and (17) for the complex channel (PuH,) and
exchange reaction channel Pu(’F,) + HH (v =j =0)
—PuH + H. Table 6 lists the cross section for com-
plex compound, and Table 7 gives the cross section
for exchange reaction Pu+ H,—~>PuH + H, and all the
cross sections are plotted in Fig. 4.

Table 6. The cross section for Pu+ H;—~PuH,

E {(kl-mol ") 4.184 41.84 83.68 209.20 251.04

B rnsx DT 0.68 0.54 0.50 0.44 0.11

o‘,(nmz) 0.710212 0.150193 0.01727876 0.000274 7.6E-06

Table 7. The cross section for Pu+ Hy—=~PuH+H

E(kJ-mol ") 251.04 292.88 418.4 627.6 836.8 1046 1255.2
b max{nm) 0.11 0.16 0.24 0.25 0.24 0.23 0.22
6.(107% nm?) 5.7E-06 7.68E-03 1.535E-02 6.22E-03 1.45E-03 5.6E-04 1.5E-04
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Fig. 4. The cross section versus the collison kinetic energy for the
complex (a) and exchange (b) reactions.

From Tables 6, 7 and Fig. 4, it is obvious that
the cross section of reaction Pu+ H,—PuH, descends
with the ascent of the initial kinetic energy when E,
is less than 251. 04 kJ/mol. Therefore, the complex
reaction has no threshold. However, when the initial
kinetic energy E, is within 251. 0—836. 8 kJ/mol,
the exchange reaction Pu+ H,—PuH + H will occur,
and it has a threshold. There is a maximum for the
cross section within 251. 04—836. 8 kJ/mol of the
initial kinetic energy E, due to the competition of re-
action Pu+ H,—~>PuH + H, for the dissociation energy
of Hy is 4.747 eV, i.e. 458.0 kJ/mol. Comparing
these two reactions Pu + H, =PuH, and Pu + H,—>
PuH + H and using data of Tables 6 and 7, and
Fig. 4, it is easy to see that the cross section of com-
plex reaction is much bigger than that of exchange re-
action. Therefore, complex PuH, will be formed
promptly at rather low energy, which is in quite a-
greement with the practical situation.

3 Conclusion

In this work, the electronic ground states of
PuH and PuH, with their structures have been respec-
tively defined as Cu, (X®2) and C,, (X"B,) with the
calculation by B3LYP/SDD method. The potential
energy surface of PuH, derived from the many-body
expansion theory obviously manifests no threshold in
the reaction channel of Pu(7Fg) + HZ(XIE; ).

Quasiclassical molecular reaction dynamics has
been used to study the state-state process of Pu(’F,)

+ Hz(Xlzg+ ). It is found that the reaction Pu(7Fg)

+ HZ(XIEg+ )—PuH, (X’B,) has no threshold in the
lower kinetic energy, and the exchange reaction Pu +
H,—>PuH + H will occur when the kinetic energy is
beyond 251 kJ/mol. However, the cross section of
the exchange reaction is approximately one percent of
the complex reaction. This agrees well with the fact
of simultaneous hydrogenation of plutonium with the
main product PuH,, and is also coincident with the
thermodynamic caleulation(?*!.

Plutonium metal is extremely unstable under hy-
drogen atmosphere due to the transfer of 5f electron
to hydrogen atom. The necessary condition for elec-
tron transfer is the variation of Gibbs function AG
which is proportional to the difference of ionization
between the donor and acceptor. For PuH, I4(Pu) ~
I,(H)=6.063-13.575= - 7.512eV= —724.84k]/
mol, and for PuH, I4(Pu) — I,(H,) = 6. 063 —
15.4259= —9.3629eV = —903.43 k]/mol, both are
quite possible in thermodynamics. Because the suffi-
cient condition is determined by the rate constant of
electron transfer, it can be calculated by the one-elec-

24].

tron model! The present work has proved that

there is no threshold for complex reaction.

In comparison with the hydrogenation process of
common metals, the property of plutonium hydrides
is very special, therefore to prevent the corrosion of
plutonium is of great importance.
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